Abstract: Current methods for engineering immobilized, 'solid-phase' growth factor patterns have not addressed the need for presentation of the growth factors in a biologically-relevant context. We developed an inkjet printing methodology for creating solid-phase patterns of unmodified growth factors on native biological material substrates. We demonstrate this approach by printing gradients of fluorescently labeled bone morphogenetic protein-2 (BMP-2) and insulin-like growth factor-II (IGF-II) bio-inks on fibrin-coated surfaces. Concentration gradients were created by overprinting individual substrate locations using a dilute bio-ink to modulate the surface concentration of deposited growth factor. Persistence studies using fluorescently-labeled BMP-2 verified that the gradients retained their shape for up to 7 days. Desorption experiments performed with 125 I-BMP-2 and 125 I-IGF-II were used to quantify the surface concentration of growth factor retained on the substrate for up to 10 days in serum containing media after rinsing of the unbound growth factor. The inkjet method is programmable so the gradient shape can be easily modified as demonstrated by printed linear gradients with varying slopes and exponential gradients. In addition, the versatility of this method enabled combinatorial arrays of multiple growth factors to be created by printing overlapping patterns. The overlapping printing method was used to create a combinatorial square pattern array consisting of various surface concentrations of BMP-2 and fibroblast growth factor-2 (FGF-2). C2C12 myogenic precursor cells were seeded on the arrays and alkaline phosphatase staining was performed to determine the effect of FGF-2 and BMP-2 surface concentration on guiding C2C12 cells towards an osteogenic lineage. These results demonstrate the utility of inkjet printing for creating orthogonal growth factor gradients to investigate how combinations of immobilized growth factors influence cell fate.
INTRODUCTION
We have developed an inkjet printing methodology capable of creating concentration-modulated patterns of growth factors on native substrates including fibrin-coated glass coverslips [1, 2] . The growth factors are immobilized to the fibrin substrate via native binding affinity. Our use of the term "native binding affinity" refers to the innate ability of the growth factor to be retained on the fibrin surface without the need for covalent cross-linking or chemical modification. The printing system is programmable, which allows for rapid and simple pattern creation and modification. The surface concentrations of the printed patterns are modulated by overprinting individual substrate locations using a dilute bioink. The versatility of this approach permits the rapid creation of patterns with spatially varied and well-defined surface concentrations of growth factor.
We have previously demonstrated that this methodology can be used to reproducibly create immobilized patterns of fibroblast growth factor-2 (FGF-2) on fibrin-coated glass *Address correspondence to this author at the 3113 Newell Simon Hall, The Robotics Institute, Carnegie Mellon University, 5000 Forbes Ave, Pittsburgh, PA 15213, USA; Tel: 412.268.7657; Fax: 412.268.6436; E-mail: lew@cs.cmu.edu § Previously published under Julie A. Jadlowiec. coverslips, including gradients that modulate cell proliferation in register with the varying surface concentration of growth factor [1, 2] . FGF-2 not only binds heparin [3] but has been shown to contain high affinity binding domains for fibrinogen and fibrin [4, 5] . Recently, we demonstrated that bone morphogenetic protein-2 (BMP-2), which has also been shown to bind heparin [6] can be used with this patterning technique. BMP-2 was printed on fibrin to guide primary muscle-derived adult stem cells from mice towards an osteogenic lineage [7, 8] . In addition, the BMP-2 printing was used to pattern sub-populations of myogenic and osteogenic cells on the same fibrin-coated chip [7, 8] . In the present study, additional printing with BMP-2 was performed as well as another heparin binding growth factor, insulin-like growth factor-II (IGF-II) [9] .
Previous studies have focused on printing square patterns or linear concentration gradients with one slope and consisting of one growth factor. The purpose of this study is to further demonstrate the versatility of this printing methodology by creating immobilized concentration gradients of varying slope and shape, as well as overlapping gradients of multiple factors. To create these more complex patterns, we developed a printing strategy which minimizes the non-printed area in the pattern while permitting sufficient drying time for each deposited drop to maintain pattern resolution. The capability to print overlapping patterns also permits the creation of combinatorial arrays, which can be used to quickly probe for growth factor inhibition and synergistic effects on cell behavior in a high-throughput manner. As well as demonstrating the utility of this inkjet printing method for creating patterns of heparin-binding growth factors, we also further characterize the retention of these growth factors on the fibrin surface since the patterning is dependent upon the native binding of the growth factor to the fibrin substrate.
Developing a robust method for creating immobilized growth factor patterns is important for in vitro cellular studies in developmental biology as well as for advancing regenerative medicine applications. Spatial patterns of endogenous growth factors, in particular, concentration gradients, play critical roles in directing cell migration, proliferation, and differentiation during embryonic development [10, 11] and wound healing [12] [13] [14] . Furthermore, several studies suggest that in vivo pattern formation occurs, in part, by growth factor sequestration to the extracellular matrix (ECM) or cell surface resulting in immobilized 'solid-phase' spatial patterns [15] [16] [17] . We selected fibrin as the printing substrate for these studies because of its ability to immobilize a variety of growth factors at the wound site [18] and its role as a temporary ECM during wound healing [12, 19] .
Many patterning approaches have been developed for creating two-dimensional (2D) immobilized protein patterns. Some of the available protein patterning methods include microcontact printing [20, 21] , adsorption from solution using microfluidic devices [22] [23] [24] , inkjet printing [25] [26] [27] [28] [29] , aerosol-based precision spraying [30] , and various methods of photoimmobilization [31, 32] . However, with all of these reported patterning examples, either the protein was chemically modified to permit immobilization, which may result in an unforeseen attenuation in bioactivity, or the proteins were immobilized onto non-biological substrates. The printing methodology presented here has been designed to enable the study of native growth factor patterns on native biological substrates with a full characterization of deposited and retained protein surface concentration. For our experiments, we have utilized the affinity of the growth factors for the fibrin surfaces to create specific and persistent immobilized growth factor patterns. It was beyond the scope of this paper to determine the binding domains for each growth factor. Since inkjet printing does not rely on a pattern template, it has the added advantages of rapid prototyping, whereby pattern parameters can be changed very quickly, and overlapping gradients of molecules can be created rapidly to control cell behaviors as demonstrated here.
MATERIALS AND METHODS

Preparation of Growth Factor Bio-Inks
To visualize printed patterns, the growth factors were labeled with mono-reactive N-hydroxysuccinimide ester cyanine dyes (synthesized in our laboratory) following established protocols [33] . Recombinant human BMP-2 (R&D Systems, Minneapolis, MN) and recombinant human IGF-II (Austral Biologicals, San Ramon, CA) were labeled with Cyanine 5 (Cy5) and Cyanine 7 (Cy7), respectively. Free dye was separated from the labeled growth factors using 3,000 (IGF-II) and 10,000 (BMP-2) molecular weight cut off centrifugal filter devices (Millipore, Billerica, MA) following the manufacturer's protocol. After purification, the stock solutions were stored at -80°C and were thawed and diluted 1 h before printing. IGF-II bio-inks were diluted in 10 mM sodium phosphate, pH 7.4 while the BMP-2 bio-inks were prepared in 20 mM sodium acetate, pH 3.5. Unlabeled BMP-2 and FGF-2 (Peprotech, Rocky Hill, NJ) were used and were diluted in 10 mM sodium phosphate, pH 7.4 and printed for the cell-based assays.
Substrates for Printing
Fibrin-coated 18 mm glass coverslips (Electron Microscopy Sciences, Washington, PA) were prepared using a method we have previously described [1] . Briefly, the coverslips were cleaned for 2 h in sulfuric acid with NO-CHROMIX (GODAX Laboratories, Cabin John, MD) followed by extensive rinsing with deionized (DI) water. After drying the slides with nitrogen, the glass surfaces were functionalized with 1% 3-aminopropyltriethoxysilane (Gelest, Inc., Morrisville, PA) in a 95% acetone solution for 10 min. The coverslips were then rinsed with acetone, ethanol, and DI water, and dried at 120°C for 45 min. To form reactive aldehyde groups on the surface, the coverslips were incubated in a 3% glutaraldehyde (Electron Microscopy Sciences, Washington, PA) solution in phosphate buffered saline (PBS), pH 7.4, for 2 h at 37°C. After rinsing the coverslips twice with methanol and 3 times with DI water, the functionalized surfaces were incubated in 0.1 mg/mL human fibrinogen (American Diagnostica, Inc., Stamford, CT) diluted in 10 mM sodium phosphate, pH 7.4 for 18 h at 4°C. After aspirating the excess unbound fibrinogen, the remaining active sites were blocked with 0.3 M glycine (Bio-Rad Laboratories, Hercules, CA), pH 7.4 for 2 h at 4°C followed by 3 PBS rinses. The immobilized fibrinogen was converted into fibrin by incubating the coverslips in 4 U/mL thrombin (Enzyme Research Laboratories, South Bend, IN) diluted in 10 mM sodium phosphate buffer, pH 7.4 with 1 mM calcium chloride at 37°C for 2 h. Finally, the coverslips were rinsed 3 times with PBS. Prior to printing on the substrates, the fibrin-coated coverslips were rinsed three times with sterile DI water and air-dried in a laminar flow hood. Along with printing on the fibrin-coated substrates, patterns were also printed on nitrocellulose coated glass slides (FAST ™ slides) (Schleicher and Schuell Bioscience, Dassel, Germany) to verify printing accuracy.
Growth Factor Patterning
Patterns were printed using a custom inkjet deposition system we developed that is described in detail elsewhere [34] . The system uses a piezoelectric drop-on-demand inkjet printhead with a 30 m diameter nozzle (MicroFab Technologies, Inc. Plano, TX) (Fig. 1A) . To create gradients, multiple layers of uniform rectangular patterns of decreasing lengths were printed on top of each other to modulate the surface concentrations and create the desired gradient shape, as illustrated in Fig. (1B) . Each layer was printed using a staggered printing technique to maximize drying time of a printed drop before another drop was deposited next to it. A flexible hose blowing a gentle stream of dried air was also directed on the patterns during printing to aid drying. In the time between printing each layer, during which the jet is not firing, the bio-ink in the tip of the inkjet nozzle begins to concentrate due to solvent drying. Therefore, just prior to printing each layer, the inkjet was fired briefly off to the side of the pattern to refresh the bio-ink in the tip. This ensured that the first deposited drop in each layer had the same growth factor concentration as subsequent drops in that layer.
Decreasing the pattern length (referred to as the gradient "step size") with each successive printed layer forms a gradient (Fig. 1B, C) . The step size concept is further illustrated in Fig. (1B) . For layer 1, each column of the gradient is printed according to a specified pattern length. The pattern length marker shown in Fig. (1B) is focusing on the first column of the pattern. For layer 2, the printed pattern length is shortened by a specified amount, which we refer to as the gradient step size. For the case shown in Fig. (1B) , the step size is equal to one drop diameter. To achieve a linear gradient, the pattern length was decreased by a fixed step size with each overprint. As the step size is increased, the total number of overprints at the high concentration end of the gradient becomes lower and the slope of the gradient decreases. Exponential gradients were created by changing the pattern length according to an exponential function during printing. For printing the overlapping gradient patterns with multiple growth factors, the first gradient was printed with one growth factor, the inkjet was then rinsed with water, and the second growth factor bio-ink was loaded into the inkjet. The second pattern was then printed relative to the position of the reference drop recorded in the first pattern. All of the gradients printed were 1.5 mm in length with a center-tocenter drop spacing of 67 m except for the combinatorial arrays which were printed with a drop spacing of 134 m.
The schematic for printing the combinatorial square arrays is shown in Fig. (2) . The FGF-2 bio-ink (10 g/mL) was loaded first and a 3 (row) x 4 (column) array was printed consisting of 0.75 mm square patterns. The squares were printed with a 75 m drop spacing with a distance of 1.75 mm between adjacent squares. For the first row, each square was overprinted 2 times, while the second and third rows consisted of 10 and 20 overprints, respectively. The inkjet was flushed and the BMP-2 bio-ink was loaded (10 g/mL). With the BMP-2 bio-ink, a 4 x 3 array of squares with the same drop and square spacing as the FGF-2 array was printed so that it partially overlapped with the FGF-2 array. For the BMP-2 array, the first column was overprinted 2 times, and the second and third columns were overprinted 10 and 20 times, respectively. The resultant array contains patterns with different overprints which consist of only one of the bio-inks as well as every combination of overprints for each of the growth factors. After printing, the patterns were rinsed three times with PBS, pH 7.4 to remove unbound growth factor and stored in serum-free Base DMEM (all media components from Invitrogen, Carlsbad, CA) with 1% penicillin/streptomycin (PS) at 4°C until seeded with cells.
Pattern Imaging and Quantification
Images of cell experiments were acquired with a Leica DM IRB microscope using a 5X, 0.12 numerical aperture (NA) objective (Leica Microsystems, Bannockburn, IL) and a Retiga 1300 CCD camera (Qimaging, Surrey, BC, Canada) with Northern Eclipse Image Analysis Software (Empix Imaging, North Tonawanda, NY). Printed gradients were imaged using a Zeiss IM35 Axiovert microscope (Carl Zeiss, Inc., Thornwood, NY) equipped with a Photometrics C-250 12-bit cooled CCD camera (Photometrics, Tucson, AZ). The printed coverslips were imaged dry immediately after printing, placed in PBS, pH 7.4 in a 37°C humidified incubator for a minimum of 24 h to allow desorption of unbound growth factor, and the patterns were re-imaged as before. For the gradient persistence experiments, after the 24 h PBS rinse, the patterned coverslips were placed in Opti-MEM ® I reduced serum media supplemented with 10% calf serum (CS) and 1% PS and images were taken every 24 h. Images of the gradients consisting of one growth factor and the combinatorial arrays were acquired using a Plan-NeoFluar 5X, 0.15 NA objective while images of the overlapping gradients were acquired with a Fluar 2.5X, 0.12 NA objective (both from Carl Zeiss, Thornwood, NY). The fluorescence filter sets used for imaging were Cy5 (620 excitation:685 emission) and Cy7 (710 excitation:776 emission) (Chroma Technology Corp., Rockingham, VT).
Since the image field was relatively large, image processing was necessary to correct for unevenness in illumination across the field which may adversely affect the "true" shape (linear, exponential) of the gradients being imaged. Consequently, image flatfielding [35] was performed on all gradient images and the background images were inspected to ensure that variation in illumination across the field was faithfully represented. All image processing steps were carried out using the Image Processing Toolbox in MATLAB ® version 6.5 (The MathWorks, Inc., Natick, MA). Profiles of the gradients were obtained using ImageJ (v.1.32j) [36] . The pattern area was highlighted and the plot profile tool was used to acquire the average pixel value in each column along the length of the gradient. For the combinatorial arrays, the average pixel value of each drop in the pattern was determined using ImageJ. The drops were averaged across rows to determine the average pixel value of each row of the array for each growth factor.
For the gradient persistence studies, gradient and background images were acquired as described above with only minor changes in the processing protocol. Background images for the first image in the timed sequence were applied to all images in the series for flatfielding and, subsequently, final background levels off-pattern for all images were set to approximately the same level. The same look-up table was then applied to all images in the series for final contrasting. To determine loss of cyanine-labeled growth factor over time, the first two rows of the gradients acquired at each time point were compared for convenience. Each row contained the entire surface concentration range of deposited growth factor. To assess uniformity of fluorescence loss across the pattern, the average pixel value of the first and last drop in the first row of each gradient was determined using ImageJ. These values were used to calculate a relative drop intensity ratio which could be compared across the different time points. This protocol was a useful method for determining persistence of gradient shape. However, a more quantitative method was needed to assess retention of the growth factors on the fibrin surface over time.
Surface Concentration and Persistence
To quantify the binding and desorption of the growth factors from the fibrin surface, both BMP-2 and IGF-II were iodinated using a chloramine T method [37] . As performed previously [2] , the concentrations of the 125 I-labeled growth factors were selected so that the surface concentrations prepared using the blotting would bracket those that are created during the printing process. The broad range of surface concentrations tested with the 125 I-labeled growth factors was also useful for determining if saturation of the fibrin surface was achieved during the printing process. A serial dilution of unlabeled growth factor was prepared and the same amount of 125 I-labeled growth factor was then added to each unlabeled growth factor dilution. Fibrin-coated slides were patterned by placing 1 L of the prepared bio-ink on the substrate and allowing it to dry. After determining the quantity of 125 I-labeled growth factor applied to each slide using a Cobra II auto-gamma counter (Perkin-Elmer, Wellesley, MA), the slides were rinsed three times in PBS and the amount of 125 I-labeled growth factor retained was determined again. The slides were then placed in serum free MEM-alpha with 25 mM (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES), 0.02% sodium azide, and 1% PS and stored at 37°C for 24 h. The radioactive counts were determined again and the serum-free media was replaced with serum containing media. The 125 I-BMP-2 slides were incubated in MEM-alpha containing 10% CS and the 125 I-IGF-II slides were incubated in 0.2% CS. These serum concentrations are typical for in vitro cell experiments that we perform with each of these growth factors. For in vitro experiments with BMP-2, the cells are cultured in medium with 10% CS [8] (also see section 2.6). For proliferation experiments, the cells are cultured in serum-free or reduced serum media [1, 2] . Thus, to simulate in vitro culture conditions, the 125 I-BMP-2 slides were incubated in 10% CS and the 125 I-IGF-II slides were incubated in 0.2% CS. Radioactive counts were acquired and the media was replaced every 24 h for the first 5 days and at day 7. The final radioactivity measurement was attained at day 10. All retention and surface concentration calculations assumed that the unlabeled growth factor was retained on the fibrin surface in the same manner as the 125 Ilabeled growth factor. All acquired data were corrected to account for radioactive decay.
Cell Culture and Differentiation Assay
C2C12 myogenic precursor cells were obtained from ATCC (American Type Culture Collection, Manassas, VA) and cultured according to the manufacturer's instructions in growth medium (DMEM (high-glucose), 10% CS, 1% PS) (Invitrogen, Carlsbad, CA). Cells were seeded (approximately 90% confluence) in growth medium onto coverslips containing BMP-2/FGF-2 co-printed patterns and cultured in the presence of 1 g/mL aprotinin for 72 h. The cells were then rinsed in PBS and fixed for 2 min in 3.7% formaldehyde. Alkaline phosphatase activity (ALP) was detected using a leukocyte alkaline phosphatase kit (product number 86C from Sigma Chemical Co., St. Louis, MO) according to the manufacturer's instructions.
RESULTS
Gradient Shape
To demonstrate the versatility of our inkjet printing method, linear gradients of varying slope and exponential gradients were printed using Cy5-BMP-2 (Fig. 3) . Patterns were printed on both nitrocellulose (row A), an idealized substrate designed for protein binding, and on fibrin-coated coverslips, representing a native biological substrate (rows B and C). The gradients in row B were imaged immediately after printing and the gradients in row C are the same gradients after a 24 h rinse in PBS to remove any unbound growth factor. The bright spots seen on the patterns printed on fibrin are not due to the printing, but are fluorescence artifacts on the fibrin substrate.
Plots of the average pixel value along the length of the gradients are shown in Fig. (4) . The drop-off in pixel value at the x = 0 mm end of each gradient is due to the offset of adjacent rows in the gradient where the black background is averaged with the brighter printed drops. The plots of the linear patterns on nitrocellulose demonstrate that the printing can be used to create linear concentration gradients with varying slope (row 1, left column) and that the gradient becomes steeper as the gradient step size is decreased. The plots of the linear patterns on fibrin immediately after printing (row 2), using the same code as those printed on nitrocellulose, indicate that the gradients do not appear to be as linear on fibrin. After incubating the same patterns in PBS to rinse away any unbound growth factor, the gradient shape became more linear (row 3). The shape of the exponential gradient was the same on nitrocellulose and on fibrin postprinting (right column). After rinsing, the exponential shape was maintained on the fibrin with a slight change in the magnitude of the spatial decay.
Pattern Retention and Surface Concentration Determination
Since the growth factors are being printed onto a biological surface with a limited number of growth factor binding sites and are bound via native affinity, it is important to characterize persistence of pattern shape and to quantify the surface concentration of growth factor retained over time. To examine persistence of the shape of the gradients printed on the fibrin surface, printed patterns of Cy5-BMP-2 were placed in serum-containing medium and imaged every 24 h.
The images of the gradients at different time points were normalized so that the pattern profiles could be compared directly to assess gradient shape and magnitude over time (Fig. 5A-C) . The gradient was printed using a 40 g/mL Cy5-BMP-2 bio-ink with a 201 m step size. Fig. (5B) is a plot profile of the gradients in Fig. (5A) ; averaging in the xdirection over each. The lines shown for each of the time points are regression lines fitted across the entire length of the gradient profile. Despite the shift in the fitted line to lower values over time, the overall shape of the gradient is maintained after 7 days. To determine if the fluorescence intensity at the low and high end of the gradient was being lost at the same rate, the relative drop in intensity (I 2 /I 1 ) was calculated for each of the time points (Fig. 5C) . Within the standard deviation of the average pixel values of the drops, the ratios indicate that the loss in intensity is approximately equal for each of the time points indicating a uniform loss of fluorescence across the pattern over time.
To better quantify the binding characteristics of the growth factors from the fibrin surface, desorption experiments were performed using 125 I-labeled BMP-2 and IGF-II mixed with unlabeled growth factor. Five different surface concentrations of BMP-2 and four different surface concen- Fig. (3) . Gradients with varying shape printed on an idealized and biological substrate. Gradients with different shapes (controlled by varying the gradient step size and overprint strategy) were printed on both nitrocellulose-coated slides and fibrin-coated coverslips. Gradients printed on nitrocellulose are shown in row (A). Cy5-BMP-2 bio-inks were used to print the gradients (80 g/mL for the linear and 10 g/mL for the exponential gradients). The same gradients printed on fibrin substrates before any rinsing are shown in row (B). A lower concentration of Cy5-BMP-2 was used for the linear gradients (40 g/mL) on fibrin, but the same concentration was used for the exponential gradient (10 g/mL). The gradients on fibrin after a 24 h rinse in PBS are shown in row (C). The gradients in the first column were all created with a 67 m step size between overprints while the gradients in the second and third columns were printed with a 101 m and a 201 m step size, respectively. The gradients in the fourth column were printed with a 67 m step size but the pattern length was decreased as an exponential rather than a linear function along the length of the gradient during printing.
trations of IGF-II were applied to the fibrin coated substrates to represent the range of growth factor surface concentrations applied when printing. The slides were rinsed three times in PBS followed by an overnight incubation in serumfree media to remove unbound growth factor and were then placed in serum-containing medium. The desorption profiles for BMP-2 and IGF-II are shown in Fig. (6A, B) , respectively (highest surface concentration for BMP-2 not shown). The time zero point indicates the surface concentration of BMP-2 and IGF-II after the three rinses in PBS prior to the 24 h incubation in serum-free media. As seen in each of the curves in Fig. (6A, B) , there is an initial loss of adsorbed Fig. (4) . Quantifying gradient shape. The average pixel value along the length of each of the gradients was determined from the fluorescence images of the gradients in Fig. (3) . The left column consists of the profiles of the linear gradients with different slopes while the right column contains the plots for the exponential gradients. The different substrates and conditions are presented in each row: on nitrocellulose (row 1), on fibrin prior to rinsing (row 2), and on fibrin post-PBS rinse (row 3). growth factor in the first 24 h in serum-free media. There is an additional loss after the second 24 h interval in serumcontaining media, after which, the surface concentration re-mains nearly constant indicating little additional loss. In a typical experiment, cells are seeded on the slides after the unbound growth factor has been removed which is shown as day 2 in Fig. (6A, B) . Table 1 illustrates the surface concentration of growth factor applied to the surface, the amount retained after the three PBS rinses and 24 h in serum-free media, after 24 h in serum media, and the amount retained after 10 days in culture. After the PBS rinses and the 24 h incubation in serum-free media (data points at Day 1 (Fig.  6A, B) , 22 ± 3% of the applied BMP-2 is retained while only 2.4 ± 0.8% of the applied IGF-II is retained. There is an additional loss after the initial 24 h incubation in serum media (data points at Day 2 in Fig. (6A, B) ). However, of the BMP-2 and IGF-II remaining after the initial incubation in serumfree media (data points at Day 1, Fig. (6A, B) ), approximately 80% was retained after the initial 24 h incubation in serum media (data points at Day 2, Fig. (6A, B) . Approximately 80% of the BMP-2 and 70% of the IGF-II remaining after the initial incubation in serum media (data points at Day 2 in Fig. (6A, B) ) is retained for the next 8 days in serum media (data points at Day 10 in Fig. (6A, B) ). This experiment demonstrates the most rigorous conditions for the patterns where serum proteins are present to displace the growth factors from the fibrin surface and the media is changed daily. However, even in these extreme conditions, a portion of the applied growth factor is retained as demonstrated in Fig. (6C) . Regardless of the surface concentration created on the substrate, the amount retained is consistent for both BMP-2 and IGF-II with a drastic difference in binding between the growth factors. The BMP-2 retention is approximately 14% while IGF-II is less than 2% suggesting that BMP-2 has a higher affinity for fibrin than IGF-II. This figure also demonstrates that the surface concentrations applied to the substrate during the printing are below the saturation level of the substrate since the percentage retained is constant for the surface concentrations examined.
By determining the amount of growth factor retained on the fibrin surface, the surface concentration range as well as the slope of the gradients created in Fig. (3) can be determined. These calculations are given in Table 2 . As demonstrated by the plots of the fluorescence intensity of the gradients (Fig. 3) , the surface concentration at the high end of the gradient decreases as the step size is increased. The BMP-2 gradients printed here have a retained surface concentration of 18 pg/mm 2 at the low end of the gradient and the retained concentration at the high end is 390, 266, and 124 pg/mm 2 for a step size of 67, 101, and 201 m, respectively.
Overlapping Gradients and Combinatorial Arrays with Multiple Growth Factors
The versatility of this inkjet printing methodology also allows for overlapping gradients of multiple growth factors to be patterned as demonstrated in Fig. (7) . In Fig. (7A) , the gradients were printed on fibrin with the Cy5-BMP-2 bio-ink deposited first (red) followed by the Cy7-IGF-II bio-ink (green). In the example shown in Fig. (7A) , opposing gradients with a 134 m step size were printed with overlap of the two gradients in the middle portion (0.75 mm) of the pattern. A plot of the average pixel value in the x-direction for the opposing IGF-II and BMP-2 gradients (Fig. 7B) demonstrates that the linear shapes of the gradients are maintained despite printing multiple layers of growth factors directly on top of each other. The plot profiles of the individual and overlapping regions were very similar and, consequently, the individual profiles for each region are not shown. Instead, profiles consisting of the individual as well as the overlapping region of the gradient were obtained as indicated by the colored brackets in Fig. (7A) .
The strategy for printing overlapping gradients can also be easily altered to make combinatorial arrays of multiple growth factors by printing gradients with a 90° rotational offset and increasing the drop spacing as shown in Fig. (7C) . This 12 by 12 element array, which consists of printed drops with a drop spacing of 134 μm, represents a two-way combination of the growth factors. The array was created by first printing a gradient using a Cy5-BMP-2 bio-ink (red), followed by a gradient printed using a Cy7-IGF-II bio-ink (green) with a 90° offset to the BMP-2 array. The corresponding plot of the average pixel values of the drops shown in Fig. (7D) demonstrates that the BMP-2 and IGF-II gradients are both maintained. The size of the array is not limited to 144 elements as shown here, but is scalable to probe a larger number of growth factor combinations. 
C2C12 Response to Combinatorial Square Arrays of BMP-2 and FGF-2
To demonstrate a biological application for overprinting with multiple growth factors, a 3 x 4 array of FGF-2 squares (10 g/mL bio-ink) was printed first and a 4 x 3 array of BMP-2 squares (10 g/mL bio-ink) was then printed to overlap with some of the FGF-2 squares to create a combinatorial array (Fig. 2) . C2C12 precursor cells were seeded on the slides and after 72 h the cells were fixed and stained for ALP expression (Fig. 8) . On the printed patterns of BMP-2 alone, there was a dose-dependent increase in ALP expression in register with the printed patterns. In the control field (no pattern) and on the FGF-2 patterns alone, there was no noticeable expression of ALP. For the combination patterns, as the surface concentration of FGF-2 increased, the expression of ALP generally decreased on the BMP-2 patterns. Minimal, yet detectable ALP expression was observed with the 64 pg/mm 2 BMP-2 column. Increasing the surface concentrations of FGF-2 resulted in no detectable level of ALP expression. The same general trend of decreasing ALP staining in register with increased FGF-2 surface concentration was also observed with the 320 pg/mm 2 and 640 pg/mm 2 BMP-2 columns despite the limited sensitivity of the colorimetric Fig. (7) . Printing overlapping gradients and combinatorial arrays with multiple growth factors. (A) Opposing gradients were printed on fibrin using a 40 g/mL Cy5-BMP-2 bio-ink (red) followed by a 40 g/mL Cy7-IGF-II bio-ink (green) with a 0.75 mm section of overlap. The average pixel value along the length of the pattern for the individual growth factors is shown below (B). The plot profile for each growth factor was obtained using the entire width of the pattern, including the overlapping portion of the gradient as indicated by the colored brackets. (C) Combinatorial array consisting of 90° offset gradients of BMP-2 (40 g/mL bio-ink) and IGF-II (40 g/mL bio-ink) and the corresponding plot profile in x (BMP-2) and y (IGF-II) (D). Scale bars represent 200 m. assay used. Experiments were also performed where the BMP-2 was printed first and then FGF-2 with the same results observed.
DISCUSSION
Printing onto nitrocellulose substrates, which are idealized substrates engineered for protein binding, was used to verify the accuracy of the printing code and to serve as a reference to compare with printing on fibrin. The appearance of the printed drops on each of the substrates was dramatically different. The drops on the nitrocellulose had a bright outer ring and a dark center while the printed drops on the fibrin generally appeared more homogeneous (Fig. 3) . This "coffee-ring" observed when printing on the nitrocellulose is a well described phenomenon [38] and occurs on surfaces where contact line pinning occurs. Drops printed on the nitrocellulose also appeared discrete with very little blending between adjacent drops while the drops printed on the fibrin appeared to spread and blend more. This effect is likely due to the nature of the substrates since the nitrocellulose does not wet as well as the fibrin surface. The spreading and blending of the drops was reflected in the profiles of the gradients (Fig. 4) . For the gradients printed on nitrocellulose, peaks and troughs were observed in the plot profile of each gradient because the drops are discrete whereas on the fibrin substrates, the gradient shapes were smoother. The smoothing of the gradients printed on fibrin after rinsing (Fig. 3 , row C) may be due to local diffusion from the individual printed drops followed by readsorption of the growth factor into the area immediately surrounding the drops. When compared to immobilized gradients formed using microfluidics [22] [23] [24] , the patterns presented here do not appear continuous or smooth. This is partially due to the inkjet printing approach as well as the inhomogeneity of the underlying substrate. The patterns that we create are made up of approximately 70 m spots and the gradient was formed by changing the step size which is limited by the diameter of a printed spot. This results in a gradient with a step change in concentration on the order of a drop diameter as opposed to being continuous. However, the advantage of this technique is being able to deposit a known amount of protein at a precise location which allows well-characterized patterns of Fig. (8) . Printing overlapping square patterns to create a combinatorial array of BMP-2 and FGF-2 that directs cell fate. A 3 x 4 square array using a 10 g/mL FGF-2 bio-ink was printed on the fibrin substrate first followed by a 4 x 3 array of BMP-2 using a 10 g/mL bio-ink. The top left image is a control field with no printed pattern. The top row consists of patterns printed with BMP-2 only and the first column consists of patterns printed with only FGF-2. The other squares in the array consist of a combination of FGF-2 and BMP-2. The surface concentrations indicated for each row (FGF-2) and column (BMP-2) are the surface concentrations of each growth factor that were applied during patterning. The dashed square boxes indicate the location of the printed squares. C2C12 myogenic precursor cells were seeded on the patterns at approximately 90% confluence and cultured in growth medium on the substrate for 72 h. The cells were then fixed and stained for alkaline phosphatase activity. almost any desired shape to be made quickly. In addition, focused spraying and higher resolution inkjet printing of biological molecules is feasible for creating spots with diameters of 25-30 m [30, 39] . This resolution is still well below the sub-micron patterns that can be created with photolithography, however, the current printing resolution is sufficient for influencing cell populations [1, 2] . Unlike many of the idealized printing substrates, the printing surface used here is not perfectly homogeneous since the fibrin layer is formed by protein adsorption which may result in localized areas of the substrate where there is more bound fibrin and, as a result, more growth factor upon printing. However, the discrete and step-like appearance of the printed gradients does not seem to adversely affect the activity of the printed patterns as demonstrated by the cellular response to these gradients [1] .
The altered shape of the linear gradients on fibrin immediately after printing (Fig. 4) , in comparison to the linear gradients printed on nitrocellulose using the same printing programs, can also be attributed to the substrate. The nitrocellulose coating is 11 m thick while the fibrin coating is approximately 20 nm thick [1] . Because of this thickness difference, the nitrocellulose wicks water while the fibrin surface does not. When printing on the fibrin surfaces, each deposited drop must be totally dry before another drop is printed next to it or the drops will merge and puddling may occur. This is reflected in the plot profile of the linear gradients on fibrin post-printing (Fig. 4) . Between x = 0 and 0.5 mm, there is a large plateau at the highest concentration end of each gradient where puddling occurred. Drop merging did not cause any distortion of the exponential gradient shape because less liquid was deposited on the fibrin surface which permitted the deposited drops to dry fully. For these reasons, the staggered printing strategy employed here along with the stream of dry air directed on the patterns during printing was designed to minimize drop merging and puddling, however, it was not totally eliminated.
Fortunately, since a biological printing substrate is used where desorption of the growth factor from the surface is going to occur, the distortions in the linear patterns printed on fibrin due to the puddling were lost after the unbound growth factor desorbed, resulting in a pattern that appeared closer to linear (Fig. 4) . The plateau at the high concentration end of each gradient is where puddling occurred resulting in a loss of the gradient shape. For the exponential gradient, the profile maintained its exponential shape after rinsing. However, if the exponential gradient was not printed with a steep enough decay, then the pattern, after rinsing, appears linear as well (data not shown). While the fibrin-coated substrates are not an ideal surface for protein patterning because of their lower capacity for protein binding and their wetting properties, these surfaces are more relevant for conducting biological experiments since they provide a suitable substrate for cell attachment and movement and present the growth factors in a biologically-relevant context. In addition, as demonstrated in this study, the fibrin surface is sufficient for maintaining the resolution and retention of these growth factor patterns.
When printing a new growth factor, several key characterization experiments must be performed as demonstrated here. First, the persistence and retention of the growth factors on the printing surface over time must be evaluated. We chose to determine persistence of gradient shape by acquiring images of the gradients over 7 days and normalizing the images so that the gradients could be compared directly. This provided a qualitative indication of desorption, however, this method was not totally reliable because photobleaching may occur since 30 sec exposures were required to image the patterns. The plot profiles and the relative drop intensity calculations indicated that the loss in fluorescence intensity was uniform across the pattern, thus indicating that photobleaching was partially responsible for the loss over time. Despite this loss, the gradients maintained their shapes for up to 7 days relying on the native binding of the growth factor to the fibrin.
To overcome the limitations of fluorescence, the binding properties of the growth factors on the fibrin surface were also determined using radioactivity. Characterization and quantification of the binding properties of the growth factor to the printing substrate is essential for designing proper in vitro studies and to verify that the surface concentration applied is below saturation since fibrin has a limited number of binding sites. By determining the retention of the growth factors on the fibrin surface over time, the patterns can be rinsed sufficiently prior to cell seeding so that the cells are interacting with immobilized growth factors and not responding to primarily chemotactic gradients caused by soluble growth factors. For FGF-2, three rinses in PBS and an overnight incubation in serum-free media were sufficient to remove all of the unbound growth factor [2] . As a result of the experiments performed here with 125 I-labeled growth factors, patterns printed with BMP-2 and IGF-II will need to be incubated an additional 24 h in serum containing media to remove the unbound growth factor.
Retention experiments were performed with both BMP-2 and IGF-II individually. However, growth factor retention may be significantly altered when printing overlapping patterns consisting of multiple growth factors. Additional experiments need to be performed to determine how growth factor retention is affected by the order of the printing or by the different affinities of the growth factors for the substrate. Based on the results presented in this manuscript, the order of printing does not seem to affect the cell response. The combinatorial arrays in Fig. (8) were created by printing FGF-2 first followed by BMP-2 and also the reverse with BMP-2 followed by FGF-2 with similar cell responses observed for each. This result demonstrates that despite printing the second growth factor directly on top of the first, both growth factors were accessible to the cell and the combination of growth factors dictated the cell fate.
When determining what types of growth factors can be used with this technique, we have found that the ideal candidates contain heparin binding domains or domains that are specific for binding fibrin. All of the growth factors that we have successfully printed, including IGF-II and BMP-2 in this study, FGF-2 in this and prior studies [1, 2] , and plateletderived growth factor-BB (PDGF-BB), heparin-binding epidermal growth factor, and hepatocyte growth factor (data not shown) contain heparin binding domains [3, 6, 9, [40] [41] [42] with FGF-2 binding fibrin as well [4, 5] . The retention of the growth factor on the fibrin surface correlates with the affinity of the growth factors for heparin. For example, FGF-2 has a higher affinity for heparin than PDGF-BB [3] . When the same amounts of each growth factor are printed, we observe higher retention and thus an increased biological response with FGF-2 compared to PDGF-BB (data not shown). The use of heparin binding proteins is not a limitation to this methodology since many proteins have a native affinity for heparin [43] , or can be engineered with a heparin binding domain, such as insulin-like growth factor-I [44] . In addition to printing a variety of growth factors, the printing substrate can be modified as well to contain a variety of ECM proteins. For example, surfaces containing mixtures of fibrin, fibronectin, and collagen I can easily be created to determine what role the ECM content plays in modulating the cellular response to specific growth factors. Creating hybrid surfaces may also increase the binding affinity for some of the growth factors since IGF-II has been shown to bind to vitronectin [45] .
The overlapping gradients and combinatorial arrays shown in Figs. (7, 8) were created to demonstrate that this printing method could be used to investigate how growth factor combinations can guide cell fate. The biological example demonstrated here was a combinatorial array consisting of BMP-2 and FGF-2 squares. Growth factors are traditionally delivered in vitro to cells as soluble factors, a method referred to as 'liquid-phase' delivery. When delivered in the liquid-phase, BMP-2 has been shown to cause increased ALP activity and osteocalcin production in C2C12 precursor cells, thus directing them towards an osteoblastic lineage [46] . In addition, our group has used immobilized patterns of BMP-2 to direct the fate of mouse musclederived stem cells towards an osteogenic lineage [7, 8] . FGF-2 has been shown to inhibit BMP-2 directed osteoblastic differentiation and decrease ALP expression when both growth factors are delivered via liquid-phase delivery [47] and, in our lab, when the BMP-2 is immobilized and FGF-2 is present in the medium [8] . A direct comparison between liquid-phase and solid-phase growth factor concentrations cannot be performed because the two delivery methods are not equivalent. For the experiment shown in this manuscript, (Fig. 8) , both growth factors are immobilized in a combinatorial array format so that the influence of multiple FGF-2 surface concentrations on BMP-2 stimulated osteogenic differentiation can be determined simultaneously in one experiment on a single chip.
In addition to the ease of programming different patterns, the actual printing is relatively rapid. The gradients shown in Fig. (3) required less than 10 min to print, and the overlapping gradients in Fig. (7) required approximately 30 min (25 min to print, 5 min to switch bio-inks). The delay of switching bio-inks could be easily removed with the addition of multiple print heads. Small working volumes of bio-ink can be used for printing with 30 L being sufficient to load the inkjet and print patterns continuously for more than 4 h (at 14 pL/drop, approximately 3 L are jetted in 4 h). As well as the speed with which patterns can be created and changed, the versatility of inkjet printing also establishes its value for patterning. Unlike many of the current methods, inkjet printing is not limited to 2D patterns, but can easily be extended to create 3D structures [48] .
CONCLUSIONS
In conclusion, we have developed an inkjet printing methodology for rapidly creating immobilized concentration gradients of native growth factors on biologically-relevant surfaces that persist for up to 10 days. Since the method is programmable, the gradient shape can be easily changed and overlapping gradients of multiple growth factors and combinatorial arrays can be easily created. This technique has many applications for basic studies in cell biology. Wellcharacterized concentration gradients of single or multiple growth factors will allow for cell migration studies. The gradients and arrays are also useful for cell proliferation and differentiation studies since a gradient represents a range of concentrations and the overlapping gradients permit the investigation of growth factor combinations at a variety of concentrations printed on the same substrate as demonstrated by the cellular response to the printed combinatorial array of FGF-2 and BMP-2. 
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